A complex mechanical-biological waste treatment plant designed for the processing of mixed municipal solid wastes (MSW) and source-selected organic fraction of municipal solid wastes (OFMSW) has been studied by using stability indices related to aerobic (respiration index, RI) and anaerobic conditions (biochemical methane potential, BMP).
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Introduction
The bulk municipal solid waste stream (MSW, which can contain a range of 35-50% of organic materials) and the source-selected organic fraction of municipal solid waste (OFMSW, with an organic content over 80%) have deserved special attention from the European authorities. As a result, at present there is an increasing number of facilities such as composting, anaerobic digestion and mechanical-biological treatment plants whose main goal is to reduce the biodegradable organic matter content of these organic wastes and stabilize them by means of biological processes.
The analysis of waste treatment efficiency in these plants requires a reliable measure of the biodegradable organic matter content of organic wastes and thus, their stability defined as the extent to which readily biodegradable organic matter has decomposed (Lasaridi and Stentiford, 1998) . This measure would permit the evaluation of current working plants, the improvement of the biological treatment process, the design of optimized facilities and the potential environmental impact of the final products.
Some biochemical parameters such as volatile solids (VS), total and dissolved organic carbon (TOC, DOC) and chemical oxygen demand (COD) have been used to monitor the evolution of biological processes (Fontanive et al., 2004; Komilis and Ham, 2003; Papadimitriou and Balis, 1996; Ros et al., 2006) . These parameters lack precision when determined on heterogeneous materials such as MSW or OFMSW because of the presence of non-biodegradable volatile or oxidizable materials.
Biological activity measurements have been widely suggested in literature as a measure of biodegradable organic matter content or stability. In this sense, aerobic respirometric techniques and methanogenic activity assays have been proposed (Adani et al., 2004; Barrena et al., 2006; Hansen et al., 2004; Ianotti et al., 1993; Ligthart and Nieman, 2002; Scaglia et al., 2000; Tremier et al., 2005) . The suggested methodologies differ in key assay parameters such as temperature, which is directly related to the biological activity rate. Indeed, changes in the optimum temperature value have been reported for maximum biological activity determination through the composting process evolution (Barrena et al., 2005; Lasaridi et al., 1996) . Some comparisons between a few of the proposed aerobic methods have been made (Adani et al., 2003; Adani et al., 2006; Gea et al., 2004) Composting Council, 2001) . Notwithstanding the amount and quality of the work referred, there is no consensus for stability measurements within the research community in the solid waste treatment field (Barrena et al., 2006) . Some of the above mentioned methods have been considered in the European legislation drafts (European Commission, 2001 ) and adopted in national regulations by some European countries such as Germany (Federal Government of Germany, 2001) , Italy (Favoino, 2006) or England and Wales (Godley et al., 2005) . Table 1 shows the test conditions for some of the national standards defined for biological stability determination under aerobic and anaerobic conditions and the proposed stability limits. As can be observed, the methodologies proposed differ in many key aspects such as the use of an inoculum, the amount of sample to be used and its preparation, the assay temperature 
Materials and Methods

Materials
Samples were obtained from a Mechanical-Biological Treatment (MBT) plant Figure 1 . The treatment of wastes includes 3 main phases:
Step 1: Mechanical pretreatment: Both OFMSW and MSW are treated to remove inorganic materials such as plastics, metal, glass and stones, which are recycled. The mechanical pretreatment includes: trommel screens (to remove large impurities), magnetic separator (to remove ferric materials), Foucault separator (to remove aluminum), ballistic separator (to remove large density materials) and a shredder. After this pretreatment sequence the organic materials are essentially free of inorganic contaminants.
Step 2: Anaerobic digestion: organic matter is anaerobically digested in 3 digesters of 4,500 m 3 of capacity. The plant uses the Valorga process (Bonhomme and Pavia, 1986) , in which the material is processed in solid state and under mesophilic conditions (38ºC). Mixing is provided by biogas injection along the reactor. Retention time is set at 21 days.
Step 3: Composting: Material coming from anaerobic digesters is mixed with bulking agent (pruning wastes in a ratio 2:1) and composted in a tunnel composting system (17 tunnels)
during three weeks to stabilize and sanitize the material. During this period, operational parameters (temperature, oxygen and moisture content) are monitored and controlled. Final compost (from OFMSW) or stabilized waste (from MSW) is stockpiled before commercialization.
Samples were collected from the most significant points of the MBT plant ( Figure   1 ), and for both lines (MSW and OFMSW). The samples selected for the study of the plant were: input material, pretreated material, digested material, composted material and final material (compost or stabilized waste), which resulted in 10 samples (5 for each line).
Samples were immediately frozen and conserved at -20ºC after collection. Before analysis, samples were thawed at room temperature for 24 hours.
Analytical methods
Water content, dry matter and organic matter or volatile solids (OM or VS) were determined according to the standard procedures (U.S. Department of Agriculture and U.S.
Composting Council, 2001).
Respirometric tests
A static respirometer was built according to the original model described previously (Ianotti et al., 1993) and following the modifications and recommendations given by the U.S. Department of Agriculture and U.S. Composting Council (2001) . A detailed description of the respirometer can be found elsewhere (Barrena et al., 2005) .
Approximately 250 mL of sample were placed in 500 mL Erlenmeyer flasks on a nylon mesh screen that allowed air movement under and through the solid samples. The setup 8 included a water bath to maintain the temperature at 37ºC during the respirometric test.
Prior to the assays, samples were incubated for 24 hours at 37ºC. During all the incubation period samples were aerated with previously humidified air at the sample temperature. The drop of oxygen content in a flask containing a sample was monitored with a dissolved oxygen meter (Lutron 5510, Lutron Co. Ltd., Taiwan) connected to a data logger. The rate of respiration of the sample (Oxygen Uptake Rate, OUR, based on dry matter content) was then calculated from the slope of oxygen level decrease according to the standard procedures (Ianotti et al., 1993) . Results of the static respirometric index are expressed as g of oxygen consumed per kg of dry matter and per hour and are presented as an average of three replicates.
Biochemical methane potential
200 g of a wet representative waste sample were used in this test. Sample was mixed in a weight ratio 1:1 with an inoculum coming from the output of the anaerobic digester of the MBT plant except for fresh input OFMSW and MSW samples where a weight ratio 10:1 of inoculum:sample was used to avoid acidification and inhibition caused by volatile fatty acids accumulation. No water was added to this mixture except for final dry samples (compost and stabilized MSW) to reach a minimum moisture content of 40%.
The mixture was incubated in a water bath at 37ºC in a sealed aluminum bottle with a working volume of 1 L. Before each experiment, the bottles were purged with nitrogen gas to ensure anaerobic conditions. The bottle was provided with a ball valve connected to a pressure digital manometer, which allowed the determination of the biogas pressure. The bulk density of the mixture was determined in triplicates in order to calculate the headspace volume of the bottles. During the test, the bottles were shaken once a day. The results on biogas production were obtained from the pressure in the bottle and the headspace volume.
Excessive pressure in the bottle was released by purging the biogas produced (25-30 times during the experiment). Biogas composition was also routinely measured.
The tests were carried out in triplicate and the results obtained at 21 days (BMP 21 ) and at the end of the test when no significant biogas production was detected (BMP F ) are expressed as biogas volume (L) produced and measured at normal conditions (T=273 K, P=1 bar) per kg of dry matter. A triplicate measure of the biogas production of the inoculum was carried out as a blank and deducted from the biogas production of the waste samples.
The deviation found for inoculum biogas production was low (10%). Biogas production in 21 days (BMP 21 ) for the inoculum used was within 60 -70 L of biogas per dry kg of inoculum. In fact other standardized methods recommend a minimum level activity of the inoculum in order to obtain good results (Federal Government of Germany, 2001 ).
Biogas composition was analyzed by gas chromatography (Perkin-Elmer AutoSystem XL Gas Chromatograph) with a thermal conductivity detector and using a column Hayesep 3m 1/8" 100/120. Volatile fatty acids (VFA) were determined by gas chromatography (Perkin-Elmer AutoSystem XL Gas Chromatograph) with a flame ionization detector (FID) and a column HP Innowax 30 m x 0.25 mm x 0.25 µm. The details of biogas and VFA analysis can be found elsewhere (Fernández et al., 2005) . Typical values of methane percentage in biogas were around 55-65%, whereas VFA were not detected.
Results and discussion
Respirometric study
The results of the evolution of respiration index for OFMSW and MSW treatment lines in MBT plant are shown in Figure 2 . The values presented of RI and BMP are expressed on a dry matter basis, because content of the samples varied significantly as biodegradation process occurred (Barrena et al., 2005) . Organic matter basis has been exclusively used in the expression of final materials stability for comparison with some national stability limits.
Similar evolution trends can be observed for both lines, indicating a progressive stabilization of the material. In general, respiration indices found for OFMSW are higher than those of MSW, which is expected since OFMSW contains a higher content of labile organic compounds. It is important to note that these differences are more significant in initial samples (input and materials mechanically pretreated), whereas the differences are minimal after biological treatment (digested and composted materials), when labile organic matter has been biodegraded.
Specific results from the main steps in the studied MBT are presented in Table 2 .
These results indicate that there is a significant loss of biodegradable organic matter in the mechanical pretreatment (43% for OFMSW and 28% for MSW, respectively). This fact is somewhat surprising since mechanical pretreatment occurs in a short time (no more than two days). It is probable that the sequence of operations used in mechanical pretreatment (several trommel screens and separators) favors the presence of oxygen and acts as an aerobic biodegradation process. As the mechanical pretreatment is an essential part of a MBT plant, it can be concluded that the loss of biodegradable organic matter in this part of the process should be considered in future MBT designs, especially when estimating the efficiency of the next steps, for instance, potential biogas production for anaerobic digestion or aeration requirements for composting. In any case, mechanical pretreatment should be the focus of future studies.
After mechanical pretreatment, the reduction of RI observed in anaerobic digestion is also very high (Table 2 ). In fact, anaerobic digestion is the main step regarding biodegradable organic matter reduction for both OFMSW and MSW. (Table 2) .
In any case, the methodology proposed in this work can be of interest for application in any configuration of waste treatment plant to identify the most important operations related to organic matter stabilization and efficiency. Since there is no evidence on other published works with different technologies or treatment sequences, further studies are necessary to determine the optimal configuration for MBT plants.
Methane potential study
The results obtained for the Biochemical Methane Potential at 21 days (BMP 21 ) are shown in Figure 3 for OFMSW and MSW. BMP 21 for OFMSW shows a parallel evolution to RI (Figures 2 and 3) . Again, there is a considerable loss of methane potential in mechanical pretreatment, and the role of anaerobic digestion is prevalent in organic matter stabilization, whereas the third step in the process, composting, acts as a final stabilization process (Table 2) . However, the results of BMP 21 obtained for MSW appear to be more erratic. As expected, there is a large reduction of methane potential in anaerobic digestion (71% , Table 2 ), which again indicates the importance of this process in a combined anaerobic-aerobic MBT plant. However, a reduction of BMP 21 in mechanical pretreatment or composting is not observed. A possible explanation is that the time spent in these operations does not permit the degradation of organic matter in a less biodegradable material such as mixed MSW.
Correlation among stability indices
Duration of BMP test
In this work, several samples from the treatment of OFMSW were analyzed in terms of BMP obtained at 21 days and final BMP obtained when biogas production was not detected (more than 100 days). Results are shown in Figure 4 . Although the dispersion is high, the correlation between BMP 21 and BMP F was highly significant with a correlation ratio of 0.9998 and a slope of 0.729. According to these results, methane produced during 21 days corresponds to the 73% of ultimate potential methane. Although no values have been found for solid wastes, this value is similar to those used for the characterization of wastewater biodegradability by means of biochemical oxygen demand (Metcalf and Eddy, 2003 , 1997) and source-separated municipal solid waste (Hansen et al., 2003) .
Aerobic and anaerobic indices
Correlation between RI (aerobic) and BMP 21 (anaerobic) is presented in Figure 5 for all the samples analyzed (including MSW and OFMSW samples). A linear correlation between RI and BMP 21 with a slope of 54.0 can be obtained, with a high level of statistical significance (correlation coefficient: 0.94, p<0.0001). This is an indication that both indices are suitable to predict waste stability, although from a practical point of view, respiration index is more recommendable in terms of time required, no need of seed, etc. Thus, aerobic indices could be used for the monitoring of the degree of degradation in anaerobic processes in waste treatment plants. Although some correlations between aerobic indices have been reported (Adani et al., 2003) , this is, to our knowledge, one of the first studies where aerobic and anaerobic stability indices are correlated for organic solid wastes in different stages of biodegradation.
Final materials stability
Values of RI and BMP 21 for the final materials (compost from OFMSW and stabilized material from MSW) are presented in Table 3 . RI and BMP 21 in Table 3 are expressed in dry matter basis and organic matter basis, since some national regulations on stability use organic matter (often expressed as volatile solids) as the basis for stability measurements ( Table 1) . As can be seen in should be kept in mind that the limits proposed in most of the regulations are intended for stabilization of mixed MSW prior to landfilling or incineration, which is not the case of the MBT plant studied.
Conclusions
The study carried out has demonstrated that the methodology proposed can be used 
